We recently reported a female-biased sexually dimorphic area in the mouse brain in the boundary region between the preoptic area and the bed nucleus of the stria terminalis (BNST). We reexamined this area and found that it is a ventral part of the principal nucleus of the BNST (BNSTp). The BNSTp is a male-biased sexually dimorphic nucleus, but the ventral part of the BNSTp (BNSTpv) exhibits femalebiased sex differences in volume and neuron number. The volume and neuron number of the BNSTpv were increased in males by neonatal orchiectomy and decreased in females by treatment with testosterone, dihydrotestosterone, or estradiol within 5 days after birth. Sex differences in the volume and neuron number of the BNSTpv emerged before puberty. These sex differences became prominent in adulthood with increasing volume in females and loss of neurons in males during the pubertal/ adolescent period. Prepubertal orchiectomy did not affect the BNSTpv, although prepubertal ovariectomy reduced the volume increase and induced loss of neurons in the female BNSTpv. In contrast, the volume and neuron number of male-biased sexually dimorphic nuclei that are composed of mainly calbindin neurons and are located in the preoptic area and BNST were decreased by prepubertal orchiectomy but not affected by prepubertal ovariectomy. Testicular testosterone during the postnatal period may defeminize the BNSTpv via binding directly to the androgen receptor and indirectly to the estrogen receptor after aromatization, although defeminization may proceed independently of testicular hormones in the pubertal/adolescent period. Ovarian hormones may act to feminize the BNSTpv during the pubertal/adolescent period. (Endocrinology 158: 3512-3525, 2017) T he sexually differentiated brain contains nuclei exhibiting morphological differences according to sex or gender that are generally termed sexually dimorphic nuclei (SDNs). The SDNs are thought to underlie the neural systems that regulate sex-or gender-specific brain functions. Since the discovery of the first SDN in the preoptic area (POA) of rats (1), a number of SDNs have been identified in several species, including humans (2). However, the potential to uncover novel SDNs remains.
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We recently reported a female-biased sexually dimorphic area in the mouse brain in the boundary region between the preoptic area and the bed nucleus of the stria terminalis (BNST). We reexamined this area and found that it is a ventral part of the principal nucleus of the BNST (BNSTp). The BNSTp is a male-biased sexually dimorphic nucleus, but the ventral part of the BNSTp (BNSTpv) exhibits femalebiased sex differences in volume and neuron number. The volume and neuron number of the BNSTpv were increased in males by neonatal orchiectomy and decreased in females by treatment with testosterone, dihydrotestosterone, or estradiol within 5 days after birth. Sex differences in the volume and neuron number of the BNSTpv emerged before puberty. These sex differences became prominent in adulthood with increasing volume in females and loss of neurons in males during the pubertal/ adolescent period. Prepubertal orchiectomy did not affect the BNSTpv, although prepubertal ovariectomy reduced the volume increase and induced loss of neurons in the female BNSTpv. In contrast, the volume and neuron number of male-biased sexually dimorphic nuclei that are composed of mainly calbindin neurons and are located in the preoptic area and BNST were decreased by prepubertal orchiectomy but not affected by prepubertal ovariectomy. Testicular testosterone during the postnatal period may defeminize the BNSTpv via binding directly to the androgen receptor and indirectly to the estrogen receptor after aromatization, although defeminization may proceed independently of testicular hormones in the pubertal/adolescent period. Ovarian hormones may act to feminize the BNSTpv during the pubertal/adolescent period. (Endocrinology 158: [3512] [3513] [3514] [3515] [3516] [3517] [3518] [3519] [3520] [3521] [3522] [3523] [3524] [3525] 2017) T he sexually differentiated brain contains nuclei exhibiting morphological differences according to sex or gender that are generally termed sexually dimorphic nuclei (SDNs). The SDNs are thought to underlie the neural systems that regulate sex-or gender-specific brain functions. Since the discovery of the first SDN in the preoptic area (POA) of rats (1), a number of SDNs have been identified in several species, including humans (2) . However, the potential to uncover novel SDNs remains.
We recently reported that the dorsal hypothalamus of the mouse brain contains an area exhibiting morphological sex differences (3) . The sexually dimorphic area of the dorsal hypothalamus (SDA-DH) is sandwiched between two known male-biased SDNs, the principal nucleus of the bed nucleus of the stria terminalis (BNSTp) and the calbindin-sexually dimorphic nucleus (CALB-SDN). The SDA-DH exhibits female-biased sex differences in neuronal cell density and expression of estrogen receptor (ER)-a. Our previous study showed that the SDA-DH of female mice contains a population of neurons in which activity decreased with an increase in the performance of maternal behavior and vice versa (3) , suggesting that the SDA-DH of female mice functions to inhibit maternal behavior and/or promote avoidance behavior against pups. Furthermore, a homologue of the mouse SDA-DH exists in the brain of common marmosets (3) , indicating that this sexually dimorphic area is not specific to mice. However, a novel SDN that may exist within the SDA-DH remains unidentified.
Classic understanding of the sexual differentiation of the rodent brain holds that testosterone, which is secreted from the testes during the perinatal period and affects the brain after conversion to estradiol by aromatase, acts to masculinize and defeminize the brain (4, 5) . In fact, the volume and number of neurons increases the BNSTp and CALB-SDN of adult female mice treated with testosterone propionate (TP), an aromatizable testosterone, or estradiol benzoate (EB), but not dihydrotestosterone (DHT), a nonaromatizable testosterone, between postnatal day (PD) 1 (PD1 = day of birth) and PD5 (6, 7) . This indicates that the BNSTp and CALB-SDN are masculinized under the influence of aromatized testosterone via binding to the ER during the postnatal period. Nevertheless, testosterone exhibits masculinizing effects via binding to the androgen receptor (AR). Masculinization of the BNSTp is disrupted by null mutation or deletion of the AR gene in rats and mice (8) (9) (10) , suggesting that testosterone binding to the AR acts to masculinize the BNSTp. In the SDA-DH of mice, the density of neurons is increased in adult males by neonatal orchiectomy and decreased in adult females by treatment with EB, TP, or DHT within PD1 to PD5 (3), indicating that testicular testosterone during the postnatal period acts to defeminize the SDA-DH via binding directly to the AR and to the ER after aromatization.
In the current view of sexual differentiation of the brain, the period when sexually dimorphic brain structures are organized under the influence of gonadal steroids is not limited to the perinatal period but is extended to the pubertal/adolescent period (11, 12) . The major component of the CALB-SDN and BNSTp in mice is calbindin neurons, which show a male-biased sex difference in number (6, 13, 14) . The sex difference in the number of calbindin neurons is observed before puberty, and this sex difference becomes more prominent in adulthood, characterized as an increase in the number of calbindin neurons in males and a decrease in females during puberty (15, 16) . Moreover, several studies using rats and hamsters have demonstrated that testicular and ovarian hormones affect the brain during puberty to masculinize and feminize SDNs, respectively (17) (18) (19) .
However, the roles of gonadal hormones in the sexual differentiation of the SDA-DH as well as in the BNSTp and CALB-SDN in mice during the pubertal/adolescent period have not been determined.
The SDA-DH was identified in the boundary area between the POA containing the CALB-SDN and the bed nucleus of the stria terminalis (BNST) containing the BNSTp (3). However, the boundary area of the SDA-DH has not been clearly defined, and its morphological characteristics remain unclear. The borders of the POA and BNST are in close proximity in the second edition of the mouse brain atlas of Paxinos and Franklin (20) , whereas a nucleus termed the striohypothalamic nucleus is described in the boundary area in the third edition of this atlas (21) . We therefore considered that the SDA-DH required reexamination.
In this study, we found that the SDA-DH corresponded to the ventral part of the BNSTp (hereafter termed the BNSTpv). The BNSTp identified by Nissl staining or immunohistochemistry for NeuN, a neuronal cell marker, showed male-biased sex differences in volume and neuron number (22, 23) . Nevertheless, the BNSTpv was larger and had more noncalbindin neurons in female mice than in males, although the remaining part of the BNSTp [hereafter termed the calbindin-principal nucleus of the bed nucleus of the stria terminalis (CALBBNSTp)] was composed of mainly calbindin neurons and exhibited male-biased sex differences in volume and neuron number. In addition, we examined the roles of gonadal steroids during the postnatal and pubertal/ adolescent periods on the sexual differentiation of the BNSTpv, CALB-BNSTp, and CALB-SDN.
Materials and Methods

Animals
Adult C57BL/6J mice purchased from the Sankyo Labo Service Corporation (Tokyo, Japan) were used for experiment 1 and for breeding to obtain pups for experiments 2 and 3 (see the following sections). All animals were housed in a room maintained at 22°C with a 12-hour light/12-hour dark cycle (lights on: 08:00 to 20:00) with free access to a standard diet and tap water. Animal procedures were approved by the Animal Care and Use Committee of Saitama University and were conducted in accordance with the Guidelines for the Care and Use of Experimental Animals of Saitama University.
Experimental design
Experiment 1: identification of the BNSTpv
Eight-to 24-week-old male mice (n = 12) and diestrous female mice (n = 12) were euthanized to obtain coronal brain sections for histological processing. Brain sections from five animals of each sex were divided into two series. One series was subjected to fluorescence Nissl staining and immunohistochemistry for calbindin to examine the distribution of calbindin in the BNSTp. The second series was subjected to in situ hybridization for p21 protein (Cdc42/Rac)-activated kinase 3 (Pak3) and calbindin immunohistochemistry to examine the distribution of Pak3 and calbindin in the BNSTp. Pak3 was selected as a potential marker for the BNSTp by searching the Allen Brain Atlas (http://mouse.brain-map.org). We then measured the volume of BNSTp that was identified by Nissl staining or the expression pattern of Pak3. The CALB-BNSTp consisted of mostly calbindin-immunopositive (ir) cells, and the BNSTpv, a ventral part of the BNSTp, consisted of mostly noncalbindin-ir cells. We measured the volumes of the CALB-BNSTp and BNSTpv as well as the BNSTp.
Brain sections from the remaining seven animals of each sex were subjected to double immunohistochemistry for calbindin and NeuN to find a cluster of NeuN-ir cells located ventral to the CALB-BNSTp and caudal to the CALB-SDN. Male pups were orchiectomized (ORX) (n = 7) or subjected to sham surgery (n = 7) on PD1 under hypothermic anesthesia. Female pups were treated with a single subcutaneous injection of TP (100 mg in 0.02 mL of sesame oil; n = 7) or DHT (100 mg in 0.02 mL of sesame oil; n = 7) on PD1 or EB (2 mg in 0.02 mL of sesame oil per day; n = 7) on 5 consecutive days from PD1 to PD5. Female (n = 7) and male (n = 7) pups were injected with sesame oil only from PD 1 to PD5 (0.02 mL per day) for comparison with female mice treated with exogenous sex steroids dissolved in sesame oil.
All pups were weaned from nurturing mothers on PD20 and were histologically processed at 8 to 10 weeks after birth to obtain brain sections. Experiment 3: roles of gonadal steroids during the pubertal/adolescent period in the sexual differentiation of the BNSTpv, CALB-BNSTp, and CALB-SDN Pups obtained from the breeding colony were weaned from mothers on PD20 and subjected to the following manipulations. Some male (n = 5) and female (n = 5) pups were euthanized on PD20 for histological processing to obtain coronal brain sections. Other male (n = 7) and female (n = 7) pups were ORX or ovariectomized (OVX) on PD20 under anesthesia by inhalation of isoflurane gas (concentration, 1.5% in air; flow rate, 1 L/ min). Sham operations were performed on PD20 males (n = 7) and females (n = 7) to serve as controls. ORX males, sham males, OVX females, and sham females were euthanized at PD70 to obtain coronal brain sections. Brain sections from all animals were immunostained for calbindin and NeuN and then used to measure the numbers of NeuN + /Calb 2 cells, NeuN + / Calb + cells, and total NeuN + cells in the BNSTpv, CALBBNSTp, and CALB-SDN. The volumes of these nuclei were also measured from these immunostained sections.
General procedures
Tissue preparation
Animals were anesthetized by an intraperitoneal injection of sodium pentobarbital (60 mg/kg body weight) and transcardially perfused with 0.05 M ice-cold phosphate-buffered saline (PBS; pH, 7.4) followed by ice-cold 4% paraformaldehyde in 0.05 M phosphate buffer (pH, 7.4). Brains were postfixed with the same fixative at 4°C overnight and then immersed in 30% sucrose in 0.05 M phosphate buffer at 4°C for 2 to 3 days. Fixed brains were coronally sectioned at a thickness of 30 mm using a cryostat. Brain sections were serially collected from seven animals of each sex in experiment 1 and were collected at intervals of 60 mm from five animals of each sex in experiment 1 and from all animals in experiments 2 and 3.
Fluorescent Nissl staining and immunohistochemistry for calbindin
Brain sections were rinsed in 0.05 M PBS containing 0.1% Triton X-100 (PBST; pH, 7.4) and blocked with 5% normal goat serum (NGS)-PBST for 1 hour at room temperature. Brain sections were then reacted with a mouse anti-calbindin antibody [1:5,000; C9848; Sigma-Aldrich, St. Louis, MO; research resource identifier (RRID): AB_476894] in 5% NGS-PBST at 4°C overnight. After rinsing in PBST, brain sections were reacted with Alexa Fluor 4882labeled goat anti-mouse immunoglobulin G antibody (1:800; A-11001; Molecular Probes, Eugene, OR; RRID: AB_2534069) in 5% NGS-PBST for 2 hours at room temperature. Brain sections were rinsed in PBST and mounted on gelatin-coated glass slides. The brain sections were then stained with NeuroTrace 530/615 red fluorescent Nissl stain solution (Molecular Probes) according to the manufacturer's protocol.
Fluorescent in situ hybridization for Pak3 and immunohistochemistry for calbindin
Antisense and sense riboprobes for Pak3 messenger RNA (mRNA) (probe size, 945 bp) were designed with reference to the Allen Gene Expression Atlas (http://mouse.brain-map.org/gene/ show/18247) and prepared as follows. Total RNA extraction from forebrain tissues of adult male mice and complementary DNA synthesis were performed using an RNeasy mini kit (Qiagen, Valencia, CA) and a TaKaRa PrimeScript RT Reagent Kit (TaKaRa Bio, Otsu, Japan) according to the manufacturers' protocols. To synthesize the riboprobe templates, polymerase chain reaction (PCR) was performed in a 50-mL reaction mixture containing 50 pmol of forward Pak3 primer containing an SP6 RNA polymerase promoter sequence (5 0 -ATTTAGGTGACA-CTATAGCAGCAGCCCAAAAAGGAA-3 0 ), 50 pmol of reverse Pak3 primer containing a T7 RNA polymerase promoter sequence (5 0 -TAATACGACTCACTATAGGGCTTCGACATTGCTGC-CCT-3 0 ), 500 ng of complementary DNA, and 25 mL of GoTaq Green Master Mix (Promega, Madison, WI) under the following conditions: an initial step to activate Taq polymerase at 95°C for 5 minutes, followed by 30 cycles at 95°C for 30 seconds for denaturation, 64°C for 1 minute for annealing, and at 72°C for 1 minute for extension, and a final extension at 72°C for 10 minutes. PCR products were separated by 2% agarose gel electrophoresis in Tris-borate-EDTA buffer (2.5 mM of Tris-HCl, 2.4 mM of boric acid, and 0.1 mM of EDTA), stained with ethidium bromide (1 mg/ mL) in Tris-borate-EDTA buffer, and purified using a Wizard SV Gel and PCR Clean-Up System (Promega) according to the manufacturer's protocol.
Antisense and sense riboprobes for Pak3 mRNA were synthesized with a SP6/T7 Transcription Kit (Roche, Indianapolis, IN) and a Biotin RNA Labeling Mix (Roche) according to the manufacturer's protocol. The synthesized riboprobes were then alkaline hydrolyzed in a carbonate buffer (60 mM of Na 2 CO 3 ; 40 mM of NaHCO 3 ; pH, 10.2) at 60°C for 10 minutes. The alkaline hydrolysis reaction was stopped by adding an equal volume of 3 M of sodium acetate containing 1% acetic acid (pH, 6.0). Alkaline hydrolyzed riboprobes were precipitated by adding three volumes of chilled ethanol, followed by centrifugation at 13,000g at 4°C for 15 minutes. After supernatant was removed and the pellet dried, riboprobes were resuspended in diethylpyrocarbonate-treated water.
Brain sections were rinsed in 0.05 M of PBS and placed in 0.6% H 2 O 2 -PBS for 30 minutes at room temperature. Sections were then placed in 0.2 N of HCl for 20 minutes at room temperature and acetylated with 0.25% acetic anhydride in 0.1 M of triethanolamine-HCl (pH, 8.0) for 10 minutes at room temperature. Sections were prehybridized with a solution containing 43 standard saline citrate (pH, 7.0) and 50% formamide for 2 hours at room temperature and hybridized with biotin-labeled antisense or sense Pak3 riboprobes (final concentration, 1 mg/mL) in a hybridization solution containing 0.25 mg/mL of yeast transfer RNA, 10% dextran sulfate, 13 Denhardt's solution, 0.6 M of NaCl, 0.01 M of Tris-HCl (pH, 7.4), 0.001 M of EDTA (pH, 8.0), and 50% formamide at 40°C overnight. After hybridization, sections were washed with a solution containing 43 standard saline citrate and 50% formamide for 2 hours at 45°C and then in 0.1 M of Tris-buffered saline containing 0.01% Triton X-100 (TBST; pH, 7.4) for 30 minutes at room temperature. Hybridization signals were visualized with a tyramide signal amplification fluorescence system (NEL701A001KT; PerkinElmer, Waltham, MA) according to the manufacturer's protocol. Brain sections were placed in TBST containing 0.5% blocking reagent, an ingredient of the system, for 1 hour at room temperature, followed by reaction with peroxidase-labeled streptavidin diluted at 1:100 with 0.5% blocking reagent-TBST for 1 hour at room temperature. After rinsing in TBST for 30 minutes, the sections were reacted with fluorescein-labeled tyramide in an amplification diluent of the system (1:50) for 10 minutes at room temperature. The sections were rinsed in TBST and then PBST for 15 minutes each and blocked with 5% NGS-PBST for 1 hour at room temperature. Sections were then reacted with a mouse anti-calbindin antibody (1: 5000; C9848; Sigma-Aldrich) in 5% NGS-PBST at 4°C over two nights. After rinsing in PBST, the sections were reacted with Alexa Fluor 5682labeled goat anti-mouse immunoglobulin G antibody (1:800; A-11004; Molecular Probes; RRID: AB_141371) in 5% NGS-PBST for 2 hours at room temperature. Brain sections were rinsed in PBST, mounted on gelatin-coated glass slides, and covered with coverslips using mounting medium.
Double immunohistochemistry for NeuN and calbindin
Brain sections were rinsed in PBST and placed in 0.6% H 2 O 2 -PBST for 30 minutes at room temperature. The sections were then blocked with 5% NGS-PBST for 1 hour at room temperature, followed by reaction with a mouse anti-NeuN antibody (1:10,000, MAB377; Millipore, Billerica, MA; RRID: AB_2298772) in 5% NGS-PBST at 4°C overnight. Sections were rinsed in PBST then reacted with goat anti-mouse immunoglobulin conjugated to peroxidase-labeled polymer (K4001; Dako, Carpinteria, CA) for 1 hour at room temperature and then rinsed in PBST. NeuN-ir signal was visualized with a chromogenic substrate, 3,3 0 -diaminobenzidine (Liquid DAB plus substrate chromogen system, Dako). After NeuNimmunostained sections were rinsed in PBST, antigens were retrieved by incubation with 0.1 M of glycine-HCl buffer (pH, 2.2) for 90 minutes at room temperature. Antigen-retrieved sections were then placed in 0.6% H 2 O 2 -PBST for 30 minutes at room temperature and then reacted with a mouse anticalbindin antibody (1:15,000; C9848; Sigma-Aldrich; RRID: AB_476894) in 5% NGS-PBST at 4°C over two nights. The sections were then rinsed in PBST and reacted with peroxidaselabeled polymer conjugated to goat anti-mouse immunoglobulin (K4001; Dako) for 1 hour at room temperature and rinsed again in PBST. Calbindin immunoreactivity was detected using a Vector SG substrate kit (Vector Laboratories, Burlingame, CA). Immunostained sections were mounted on gelatincoated glass slides, air dried, dehydrated through a graded ethanol series, cleared with xylene, and covered with coverslips using a mounting medium.
Morphometric analysis and three-dimensional reconstruction
Digital images of brain sections, which were subjected to fluorescent Nissl staining and calbindin immunohistochemistry or to fluorescent in situ hybridization for Pak3 and calbindin immunohistochemistry, were obtained using a fluorescence microscope (DMI6000B; Leica Microsystems, Wetzlar, Germany) equipped with a charge-coupled device camera (ORCAFlash4.0; Hamamatsu Photonics, Hamamatsu, Japan). The left-side BNSTpv, CALB-BNSTp, and BNSTp areas of each brain section were measured by Image J software (National Institutes of Health, Bethesda, MD). The volumes of BNSTpv, CALB-BNSTp, and BNSTp were then calculated by multiplying the total area of each nuclei by an interval for collecting brain sections (60 mm).
The volumes of BNSTpv, CALB-BNSTp, and CALB-SDN and the number of target cells in these nuclei in calbindin-and NeuN-immunostained brain sections were measured using a light microscope equipped with a charge-coupled device camera (CX9000; MBF Bioscience, Williston, VT) and a computer running Stereo Investigator software (MBF Bioscience). First, the outlines of the regions of interest on the left of the midline were traced to measure the volumes of the target nuclei. In the target areas, NeuN-ir cells with or without a calbindin-ir signal were then counted using the optical fractionator method. Detailed parameters of the stereological analyses are as follows: section thickness, 30 mm; section interval, 30 mm for experiment 1 and 60 mm for experiments 2 and 3; sampling grid size, 100 3 100 mm; counting frame size, 50 3 50 mm; dissector height, 13 to 16 mm; guard zone height, 1.5 mm.
Three-dimensional reconstructions of the BNSTpv, CALBBNSTp, and CALB-SDN in calbindin-and NeuN-immunostained brain sections were performed using Stereo Investigator and Neurolucida software (MBF Bioscience) in accordance with a previously reported procedure (3). Briefly, outlines of the regions of interest on the left of the midline were traced to record the coordinates of the regions of interest. In addition, the coordinates of the midpoint of the dorsal edge of the corpus callosum and the center point of a hole in the cerebral cortex, which was punched out of the brain before sectioning, were recorded for use as reference points. Traced outlines of each nucleus were superimposed on a Z-axis with reference to X-and Y-coordinates of the reference points to visualize threedimensional2reconstructed objects in silico.
Statistical analysis
The Student t test or Welch t test was used after F test analysis to assess statistical differences in data between sexes, between male mice subjected to sham operation and ORX on PD1, and between PD20 and PD70 animals of the same sex. One-way analysis of variance (ANOVA) was performed to determine differences in data among animals treated postnatally with sex steroids. Two-way ANOVA was used to determine the main effects of sex and prepubertal gonadectomy and the effects of interactions between main factors. When significant overall effects were detected by one-way ANOVA or the effects of interactions between main factors were significant in two-way ANOVA, a Tukey test was performed to compare experimental groups. Differences were considered significant at P , 0.05.
Results
Experiment 1: identification of the BNSTpv
The BNSTp observed in Nissl-stained and calbindinimmunostained brain sections was significantly larger (P , 0.005) in males than in females (Fig. 1A and Fig. 2A) . The CALB-BNSTp of males also had a significantly larger (P , 0.001) volume than that of females. However, the BNSTpv, which is a ventral part of the BNSTp identified by Nissl staining that contained fewer calbindin-ir cells, was significantly larger (P , 0.001) in females than in males.
There were many cells expressing Pak3 mRNA in the BNSTp, enabling the identification of the BNSTp in accordance with the distribution patterns of Pak3 (Fig. 1B) . The volumes of the BNSTp and CALB-BNSTp were significantly larger (P , 0.001 in BNSTp; P , 0.0005 in CALB-BNSTp) in males than in females (Fig. 2B) . In contrast, the BNSTpv, which had abundant signal for Pak3 but not for calbindin, had a significantly larger (P , 0.0005) volume in females (Fig. 1B and Fig. 2B) .
A cluster of NeuN-ir cells, which we termed the BNSTpv, was found ventral to the CALB-BNSTp and dorsocaudal to the CALB-SDN (Fig. 1C and 1D ). Many more NeuN-ir cells were widely distributed within the female BNSTpv in the dorsoventral and mediolateral axes than in the male BNSTpv (Fig. 1C) . The BNSTpv corresponded closely to the caudal part of the striohypothalamic nucleus described in a mouse brain atlas (21) . The rostral and caudal edges of the BNSTpv were included in brain sections that correspond to Fig. 32 and Fig. 34 of the mouse brain atlas, respectively. than the male BNSTpv. There was no sex difference in the number of NeuN + /Calb + cells in the BNSTpv (Fig. 3D ).
Experiment 2: effects of gonadal steroids during the postnatal period on the sexual differentiation of the BNSTpv The volume of the BNSTpv was significantly larger (P , 0.01) in ORX males, which were subjected to orchiectomy on PD1, than in sham males ( Fig. 4A and Supplemental Fig. 1 BNSTpv were significantly decreased (P , 0.05) by daily injection of EB during PD1 to PD5 or by injection of TP or DHT on PD1, although the effect of DHT was less than that of EB ( Fig. 4F and 4G ). Postnatal treatment with sex steroids did not have any significant effect on the number of NeuN + /Calb + cells in the BNSTpv of adult female mice (Fig. 4H) . The effect of orchiectomy on PD1 on the CALB-BNSTp and CALB-SDN was opposite that on the BNSTpv. Neonatal orchiectomy significantly reduced the volumes of the CALB-SDN (P , 0.00005) and CALB-BNSTp (P , 0.005) (Supplemental Fig. 2A and 2B ). Postnatal treatments with sex steroids significantly affected the volumes of the CALB-SDN (F 4,30 = 18.10; P , 0.000005) and CALB-BNSTp (F 4,30 = 15.18; P , 0.00001) in adult females. In contrast to the volume of BNSTpv, the volumes of CALB-SDN and CALBBNSTp in adult females became significantly larger (P , 0.05) after postnatal treatment with EB or TP (Supplemental Fig. 2C and 2D) . DHT treatment on PD1 had no effect on the volumes of CALB-SDN or CALB-BNSTp in adult females, although DHT treatment had a significant effect (P , 0.05) on reducing the volume of the BNSTpv (Fig. 4E ).
Experiment 3: effects of gonadal steroids during the pubertal/adolescent period on the sexual differentiation of SDNs
BNSTpv
At PD20, the volume of BNSTpv was significantly larger (P , 0.005) in females than in males ( Fig. 5A and Supplemental Fig. 3 ). The sex difference in BNSTpv volume was more conspicuous at PD70 because of a significant increase (P , 0.05) in the volume of the female BNSTpv during PD20 to PD70 (Fig. 5B ). There were significant effects of sex (F 1,24 = 110.30; P , 0.0000000005), gonadectomy on PD20 (F 1,24 = 16.83; P , 0.0005), and interaction between the main factors (F 1,24 = 16.87; P , 0.0005) on BNSTpv volume at PD70. In the post hoc test, the BNSTpv volume of PD70 females was significantly larger (P , 0.05) than that of PD70 males with or without gonadectomy on PD20 (Fig. 5B) . The BNSTpv volume on PD70 was significantly (P , 0.05) reduced in females by ovariectomy on PD20 but not in males by orchiectomy on PD20.
The number of total NeuN + cells in the BNSTpv at PD20 was significantly greater (P , 0.005) in females than in males (Fig. 5C ). The cell number at PD70 was also significantly larger (F 1,24 = 60.77; P , 0.00005) in females (Fig. 5D ). The number of total NeuN + cells in the BNSTpv on PD70 was not significantly affected by gonadectomy at PD20. However, the number of PD70 females subjected to ovariectomy at PD20 was significantly smaller (P , 0.05) than that of PD20 females.
The BNSTpv at PD20 contained a significantly greater (P , 0.005) number of NeuN + /Calb 2 cells in females than in males (Fig. 5E ). This sex difference was more marked at PD70 and resulted from a reduced loss of cells in sham females and a significant decrease (P , 0.05) in cell number in sham males during PD20 to PD70 (Fig. 5F ). The number of NeuN + /Calb 2 cells in gonadectomized animals at PD70
was significantly smaller (P , 0.05) than that in PD20 animals in each sex. There were significant effects of sex (F 1,24 = 89.00; P , 0.000000005), gonadectomy on PD20 (F 1,24 = 6.01; P , 0.05), and interaction between the main factors (F 1,24 = 7.76; P , 0.05) on the number of NeuN + / Calb 2 cells in the BNSTpv at PD70. The cell number in PD70 females was significantly larger (P , 0.05) than that in PD70 males and was significantly reduced (P , 0.05) by ovariectomy on PD20, although the cell number in PD70 males did not change with orchiectomy on PD20 (Fig. 5F ).
There was no significant difference in the number of NeuN + /Calb + cells in the BNSTpv between sexes on PD20 (Fig. 5G) or PD70 (Fig. 5H) . The number of NeuN + /Calb + cells at PD70 did not differ from that at PD20 and was not affected by gonadectomy on PD20.
CALB-SDN
CALB-SDN volume in PD20 males was significantly larger (P , 0.001) than that in PD20 females (Fig. 6A ). This sex difference was prominent at PD70 in gonadally intact animals owing to a significant volume increase (P , 0.01) in sham males during PD20 to PD70 (Fig. 6B ). There were significant effects of sex (F 1,24 = 78.60; P , 0.000000005), gonadectomy on PD20 (F 1,24 = 12.54; P , 0.005), and interaction between the main factors (F 1,24 = 10.20; P , 0.005) on CALB-SDN volume in PD70 mice. On PD70, CALB-SDN volume was significantly larger (P , 0.05) in males than in females with or without gonadectomy on PD20 (Fig. 6B) . The volume in ORX males was significantly smaller (P , 0.05) than that in sham males.
The number of total NeuN + cells in the CALB-SDN of male mice was significantly greater (P , 0.05) than that of females at PD20 (Fig. 6C ). This sex difference was more conspicuous at PD70, resulting from a significant decrease (P , 0.05) in NeuN + cell number in females during PD20 to PD70 (Fig. 6D ). There were significant effects of sex (F 1,24 = 45.89; P , 0.000001), gonadectomy on PD20 (F 1,24 = 4.65; P , 0.05), and interaction between the main factors (F 1,24 = 5.37; P , 0.05) on the number of total NeuN + cells in the BNSTpv at PD70. The total NeuN + cell number in PD70 males was significantly greater (P , 0.05) than that in PD70 females and was significantly decreased (P , 0.05) by orchiectomy at PD20 (Fig. 6D) .
The number of NeuN + /Calb 2 cells in the CALB-SDN was not significantly different between sexes at PD20 (Fig. 6E) . At PD70, the cell number was significantly greater (F 1,24 = 6.23; P , 0.05) in males than in females, although it was not significantly affected by gonadectomy on PD20 and did not significantly change with age (Fig. 6F) . The number of NeuN + /Calb + cells in the CALB-SDN was significantly greater (P , 0.001) in males than in females at PD20 (Fig. 6G ). This sex difference became noticeable at PD70, resulting from a significant decrease (P , 0.05) in the number of cells in females and a significant increase (P , 0.05) in the number of cells in males during PD20 to PD70, although the NeuN + /Calb + cell number of ORX males at PD70 was significantly smaller (P , 0.05) than that of PD20 males (Fig. 6H ). There were significant effects of sex (F 1,24 = 115.57; P , 0.000000005), gonadectomy on PD20 (F 1,24 = 17.47; P , 0.0005), and interaction between the main factors (F 1,24 = 18.34; P , 0.0005) on the number of NeuN + / Calb + cells in the CALB-SDN at PD70. The NeuN + /Calb + cell number in PD70 males was significantly larger (P , 0.05) than that in PD70 females and was significantly decreased (P , 0.05) by orchiectomy on PD20 (Fig. 6H) .
CALB-BNSTp
Like the CALB-SDN, the CALB-BNSTp in PD20 males was significantly larger (P , 0.01) in volume than that in PD20 females (Fig. 7A) . The sex difference in CALB-BNSTp volume was marked at PD70 in gonadally intact animals, resulting from significantly increased (P , 0.01) volume in sham males and significantly decreased (P , 0.01) volume in sham females during PD20 to PD70 (Fig. 7B) . The CALB-BNSTp volume was also significantly smaller (P , 0.01) in OVX females than in PD20 females. There were significant effects of sex (F 1,24 = 215.98; P , 0.0000000000005), gonadectomy on PD20 (F 1,24 = 19.46; P , 0.0005), and interaction between the main factors (F 1,24 = 15.95; P , 0.001) on CALB-BNSTp volume in PD70 mice. At PD70, CALB-BNSTp volume was significantly larger (P , 0.05) in males than in females with or without gonadectomy on PD20 (Fig. 7B) . CALB-BNSTp volume at PD70 was significantly decreased (P , 0.05) by orchiectomy on PD20 but not by ovariectomy on PD20. There was a significant (P , 0.05) difference in the number of total NeuN + cells in the CALB-BNSTp between sexes on PD20 (Fig. 7C ). This sex difference was prominent at PD70 in gonadally intact animals because the cell number was significantly decreased (P , 0.01) in females but not in males (Fig. 7D) . A significant decrease in total NeuN + cell number during PD20 to PD70 was also found in ORX males and OVX females. There were significant effects of sex (F 1,24 = 60.57; P , 0.0000001), gonadectomy on PD20 (F 1,24 = 13.88; P , 0.005), and interaction between the main factors (F 1,24 = 10.61; P , 0.005) on the number of total NeuN + cells in the CALBBNSTp at PD70. The total NeuN + cell number was significantly larger (P , 0.05) in PD70 males than in PD70 females and was significantly decreased (P , 0.05) in males by orchiectomy on PD20 but not in females by ovariectomy on PD20 (Fig. 7D ).
The number of NeuN + /Calb 2 cells in the CALB-BNSTp did not differ between sexes at PD20 (Fig. 7E) or PD70 (Fig. 7F) . In both sexes, the number of NeuN + /Calb 2 cells in the CALB-BNSTp was significantly decreased (P , 0.01 in sham males; P , 0.05 in ORX males and sham and OVX females) during PD20 to PD70 (Fig. 7E and 7F ). Like the CALB-SDN, the CALB-BNSTp of males had a significantly larger (P , 0.01) number of NeuN + /Calb + cells than that of females at PD20 (Fig. 7G ). This sex difference in NeuN + /Calb + cells of the CALB-BNSTp became more marked in gonadally intact animals at PD70 because the NeuN + /Calb + cell number was significantly larger (P , 0.01) in sham males than in PD20 males and significantly smaller (P , 0.05) in sham females than in PD20 females (Fig. 7H) . The number of NeuN + /Calb + cells in PD70 animals subjected to gonadectomy at PD20 was significantly smaller (P , 0.05 in ORX males vs. PD20 males; P , 0.01 in OVX females vs. PD20 females) than that of PD20 animals of either sex. There were significant effects of sex (F 1,24 = 91.00; P , 0.000000005), gonadectomy on PD20 (F 1,24 = 18.93; P , 0.005), and interaction between the main factors (F 1,24 = 189.47; P , 0.0005) on the number of NeuN + / Calb + cells in the CALB-BNSTp at PD70. The NeuN + / Calb + cell number was significantly larger (P , 0.05) in PD70 males than in PD70 females and was significantly decreased (P , 0.05) by orchiectomy on PD20 (Fig. 7H ).
Discussion
We previously examined Nissl-stained and calbindinimmunostained mouse brain sections and identified an area in the dorsal hypothalamus that contains a femalebiased sex difference in Nissl-stained neuronal cell density (3). This area, termed the SDA-DH, is located between the POA and BNST; however, the boundary of the POA and BNST has not been clearly defined and is still controversial. We therefore reexamined the SDA-DH. We found that the SDA-DH is not hypothalamic but is a ventral portion of the BNSTp. The BNSTp, identified in Nissl-stained or NeuN-immunostained sections is a male-biased SDN (22, 23) . It is known that calbindin neurons are the main component of the BNSTp (6, 13, 14, 24) . Nevertheless, the ventral part of the BNSTp, termed the BNSTpv in this study, was composed of mainly noncalbindin neurons and exhibited female-biased sex differences in the volume and number of noncalbindin neurons. The chemical properties of BNSTpv neurons exhibiting the female-biased sex differences remain to be characterized; however, these neurons showed abundant Pak3 expression and little calbindin expression. The volume of the BNSTpv and the number of noncalbindin neurons therein were increased in male mice by neonatal orchiectomy, whereas those in females were decreased by postnatal treatment with EB, TP, or DHT. These findings indicate that the BNSTpv of the male brain is organized under the influence of testicular testosterone in the postnatal period and that testosterone acts via binding to the ER after aromatization and to the AR directly. The numbers of neurons in the CALB-SDN and BNSTp were increased in adult female mice by TP and EB, but not DHT treatment, during PD1 to PD5 (6, 7) . We also showed that the CALB-SDN and CALB-BNSTp of adult female mice became larger with TP or EB treatment within PD1 to PD5 and that DHT treatment on PD1 did not have a significant effect. These findings suggest that testicular testosterone during the postnatal period is aromatized and then acts via binding to the ER for masculinization of the CALB-BNSTp and CALB-SDN.
One report showed that postnatal DHT treatment increased the number of vasopressin neurons in the BNST of adult female rats (25) . We previously reported that the BNSTp of both male and female mice expressed AR as well as ERa, ERb, and aromatase at PD5 (10) and that masculinization of the BNSTp was disrupted by deletion of the AR, ERa, or aromatase genes, although ERb gene deletion did not affect masculinization of the BNSTp (10, 22) . Therefore, the actions of testosterone via the AR may still contribute to masculinization of the BNSTp, specifically the CALB-BNSTp, in the postnatal period, even though its contribution may be less than that of aromatized testosterone via the ERa. Taken together, testicular testosterone in the postnatal period acts to decrease the BNSTpv and increase the CALB-BNSTp and CALB-SDN. There may be a regional difference in testicular testosterone action during the postnatal period on the sexual differentiation of SDNs.
Sex differences in BNSTpv volume and in the number of noncalbindin neurons in the BNSTpv were seen not only at PD70 but also at PD20, suggesting that the sexually dimorphic structures of the BNSTpv emerge before puberty. The numbers of calbindin neurons in the CALB-BNSTp and CALB-SDN were greater in PD20 male mice than in females of the same age (15, 16) . We further showed a male-biased sex difference in the volumes of the CALB-BNSTp and CALB-SDN and in the numbers of calbindin neurons that had emerged by PD20, and this difference was sustained until PD70. These findings indicate that the sexually dimorphic structures of the CALB-BNSTp and CALB-SDN are formed before puberty. Morphological sex differences in the SDNs that appear before puberty may be established by a sex difference in sex steroid actions during the perinatal or postnatal period, as discussed in a preceding paragraph. Anti-Müllerian hormone, a testicular protein hormone, may also contribute to the formation of SDNs before puberty because a sex difference in the number of calbindin neurons established in the CALB-SDN and CALB-BNSTp of prepubertal mice was prevented by null mutation of the anti-Müllerian hormone gene. This resulted from a decrease in the number of calbindin neurons in males (15, 16) .
The mechanisms by which sexually dimorphic brain structures are formed are not completely understood. However, controlling cell number by postnatal apoptosis, which is regulated in a sex-specific manner and modulated by sex steroids, is thought to be a mechanism that can explain sex steroid-dependent formation of SDNs (26) . During the first 2 weeks of life, compared with males, female mice and rats have greater numbers of apoptotic cells in the BNSTp and CALB-SDN (or the SDN of the POA, which is termed the SDN-POA and is a male-biased SDN that includes the CALB-SDN in Nisslstained rat brain sections) (24, (27) (28) (29) (30) . The sex difference in apoptotic cell numbers is reversed by neonatal orchiectomy and treatment with TP or EB within 5 days after birth (27, 28, 31) and results from a sexually dimorphic activation of caspase-3, which is controlled by the mitochondrial apoptotic pathway involving Bcl-2 and Bax (29, (32) (33) (34) (35) . On the other hand, it remains unclear how morphological sex differences arise in the BNSTpv. Further studies are required to clarify the mechanisms for sexually dimorphic formation of the BNSTpv.
During the pubertal/adolescent period, gonadal hormones affect reorganization of SDN structures after they are constructed with or without the masculinizing or defeminizing effects of testicular testosterone during the perinatal period. In this study, we examined the effects of prepubertal gonadectomy on the BNSTpv and on the CALB-SDN and CALB-BNSTp to determine the roles of gonadal hormones during puberty on the sexual differentiation of SDNs. Overall, sex differences of these SDNs, which emerge before puberty, became pronounced in adulthood after the volume and neuron number changed during the pubertal/adolescent period; this was dependent or independent of gonadal hormones. Specifically, the BNSTpv became larger in females during puberty, although prepubertal ovariectomy disrupted the volume increase and reduced the number of noncalbindin neurons; this suggests that ovarian hormones affect the BNSTpv during puberty to increase its volume and sustain neuron numbers so that the BNSTpv is fully feminized in adulthood.
In contrast, prepubertal orchiectomy did not affect the BNSTpv in males, and a loss of noncalbindin neurons occurred independently of testicular hormones during puberty. This phenomenon, which contributes to defeminization of the BNSTpv, may be explained by the long-lasting effects of perinatal testicular testosterone. In the CALB-SDN and CALB-BNSTp, the numbers of calbindin neurons increased in male mice and decreased in female mice during puberty (15, 16) . We further showed that the volume and the number of calbindin neurons of the CALB-SDN and CALB-BNSTp in males increased during puberty and that prepubertal orchiectomy disrupted this volume increase and decreased the number of calbindin neurons, suggesting that pubertal testicular hormones act to masculinize the CALB-SDN and CALB-BNSTp. Although we did not test the effects of compensatory administration after orchiectomy, testosterone is thought to masculinize both these SDNs because the volumes of male-biased SDNs in male hamsters were reduced by prepubertal orchiectomy, and this was rescued by testosterone (18) . Furthermore, null mutation of the anti-Müllerian hormone gene did not affect pubertal changes in the numbers of calbindin neurons in the CALB-SDN and CALB-BNSTp of mice (15, 16) . Like noncalbindin neurons in the BNSTpv of males, calbindin neurons in the CALB-SDN and CALB-BNSTp of females were decreased in number during puberty without gonadal hormone actions. A reasonable explanation is that the effects of gonadal hormones during the perinatal period persist into the pubertal/adolescent period. The long-lasting effects of sex steroids on sexual differentiation of the brain are mediated by epigenetic modification of gene expression, resulting in the emergence of sexspecific gene expression, brain structures, and behaviors (36) (37) (38) . Postnatal testosterone-dependent masculinization of the BNSTp in mice is blocked by treatment with a histone deacetylase inhibitor (39) . Inhibition of DNA methyltransferases in the early postnatal period masculinizes dendritic spine density in the medial POA and sexual behavior in female rats (40) . Another possibility is that pubertal estradiol feminizing the BNSTpv in females and pubertal testosterone masculinizing the CALB-SDN and CALB-BNSTp in males do not affect the SDNs in the opposite sex.
The mechanisms for sexually dimorphic reorganization of SDNs during the pubertal/adolescent period are poorly understood. However, it has been demonstrated that cell generation during puberty contributes to sexually dimorphic reorganization of SDNs. More new cells generated during puberty are incorporated into the anteroventral periventricular nucleus, a female-biased SDN, and the SDN-POA and medial amygdala, malebiased SDNs, of the dominant sex than those of the recessive sex (17) . Moreover, in these SDNs of the dominant sex, the generation and incorporation of new cells during puberty are dependent on gonadal hormones (17) . In the anteroventral periventricular nucleus, most of the newly generated cells have been determined as nonneuronal cells (19) . However, the results of our current study suggest that testicular hormone2dependent cell generation during puberty is responsible for increasing the numbers of calbindin neurons in the CALB-SDN and CALB-BNSTp of pubertal males. Regarding the CALBBNSTp, it is also possible that neurons begin to express calbindin from puberty, followed by an increase in the number of calbindin neurons and a decrease in noncalbindin neurons at PD70 without changing total neuron numbers during PD20 to PD70.
On the other hand, it remains unclear how calbindin neurons of the female CALB-SDN and CALB-BNSTp and noncalbindin neurons of the male BNSTpv and the CALB-BNSTp of both sexes are lost during the pubertal/ adolescent period. In the medial prefrontal cortex of rats, the number of neurons lost during the adolescent period is larger in females (41) . Loss of neurons in the medial prefrontal cortex of female rats is prevented by prepubertal ovariectomy (42) , suggesting that ovarian hormones secreted during the pubertal and/or adolescent period induce this phenomenon. Possible mechanisms for losing cells are cell death and/or migration of cells through and out of the SDNs. Deletion of the gene for Bax, a proapoptotic molecule, eliminates the sex difference in the total number of cells in the mouse BNSTp because the total cell number increases in both sexes (35) ; however, Bax gene deletion does not eliminate the sex difference in the number of calbindin neurons in the BNSTp and CALB-SDN (14) . The latter indicates that the sex difference of calbindin neurons is established by mechanisms other than Bax-dependent apoptosis. The mechanisms responsible for the formation of SDNs during puberty require further investigation.
The sex difference in the number of noncalbindin neurons of the CALB-SDN became significant in adulthood, although the number did not significantly differ between sexes before puberty. This suggests that components involved in establishing the CALB-SDN sex differences are not only calbindin neurons but also noncalbindin neurons. This may be part of the reorganization process for appropriate formation of the CALB-SDN.
In summary, we found a subregion exhibiting femalebiased sex differences in the BNSTp of mice. The BNSTp exhibited male-biased sex differences in volume and neuron number. Nevertheless, a subregion termed the BNSTpv was larger in volume and contained more neurons in females than in males. Our findings suggest that testicular testosterone in the postnatal period defeminized the BNSTpv via binding directly to the AR and to the ER after aromatization, although defeminization proceeded independently of pubertal testicular hormones. On the other hand, ovarian hormones during puberty play an essential role in feminizing the BNSTpv. We also showed that pubertal testicular hormones serve as a factor to masculinize the CALB-SDN and CALB-BNSTp and that demasculinization of both these SDNs proceeded independently of pubertal ovarian hormones.
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